Objective: T-cell receptor (TCR) gene therapy is an approach being considered for HIV-1, but epitope mutation is a significant barrier. We assessed whether HIV-specific TCR can be modified to have broader coverage of epitope variants by recombining polymorphisms between public clonotype TCR sequences.
Introduction
HLA class I-restricted CD8 þ cytotoxic T lymphocytes (CTLs) are an important arm of adaptive immunity against infections with viruses. In chronic infections with viruses such as cytomegalovirus (CMV) and HIV-1, antiviral CTLs play a key protective role. CTL responses generally are highly effective against CMV infection; iatrogenic immu-nosuppressive therapy can result in CMV reactivation and significant morbidity, and adoptive transfer of CMVspecific CTLs can reverse this process in vivo [1] . In contrast, although several lines of evidence show a protective effect of antiviral CTLs in the pathogenesis of HIV-1 infection [2] , generally their ability to contain infection and prevent disease is incomplete, and without antiviral therapy most HIV-1-infected individuals progress to AIDS.
A key factor in this failure of CTLs in HIV-1 pathogenesis is the extreme sequence variability of the virus. It is believed that the combination of high replication rate and high reverse transcriptase error rate generates every possible combination of one or two viral mutations daily in an infected individual [3] . Even single mutations can completely ablate the ability of HIV-1-specific CTLs to recognize infected cells [4] , which often occurs through reduced avidity of the T-cell receptor (TCR) for the epitope mutant [5] . Although loss of viral replicative capacity due to epitope mutation can limit HIV-1 escape against some CTL responses [6] [7] [8] , the generally high plasticity of HIV-1 sequences renders this a central problem in the pathogenesis of infection and a serious limitation for vaccine and immune-based therapies. This is a significant therapeutic problem for other RNA viruses as well, such as hepatitis C virus.
The use of TCR-transgenic CTL for gene therapy against cancers and viral infections is a promising therapeutic approach [9, 10] . Cloned TCRs can be transduced into autologous CD8 þ T cells for re-infusion in vivo to generate de-novo CTLs for immunotherapeutic adoptive transfer. Thus, generation of CTL responses with desirable epitope targeting and TCR properties can be ensured, rather than relying on the stochastic nature of adaptive immunity that yields TCRs with varying properties even when epitope targeting is directed against the same epitopes [11] . This approach has shown efficacy in murine models [12, 13] and more recently in a human clinical trial for melanoma [14] . Given the key protective role of CTLs in HIV-1 pathogenesis, TCR gene therapy has been considered for HIV-1 infection as well. Unlike melanoma, however, the sequence variability of HIV-1 is problem that will need to be addressed for this approach. The main strategy under consideration has been mutagenic increase of TCR avidity, which can be accomplished by in-vitro selection for mutants that are more avid by many orders of magnitude for the cognate epitope and epitope variants [15] [16] [17] [18] [19] .
Here we describe a novel strategy for increasing the ability of HIV-1-specific TCRs to recognize epitope variants. Chimeric TCRs were constructed from two native TCRs recognizing the same epitope, yielding some TCRs with greater coverage of epitope variants than either parental TCR, through moderately increased avidity by the combination of naturally occurring TCR polymorphisms.
Materials and methods
Cells and media T1 and Jurkat cells were grown in R10 media [Roswell Park Memorial Institute 1640 medium supplemented with 10% fetal calf serum (FCS), 0.01 mol/l 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and penicillin/ streptomycin/L-glutamine] as previously described [20, 21] . 293T cells for production of lentivirus were grown in D10 (Dulbecco's Modified Essential Medium supplemented with 10% FCS and penicillin/streptomycin/L-glutamine). Primary CD8 þ T cells from healthy donors were isolated from whole peripheral blood mononuclear cells (PBMCs) using the EasySep Human CD8 þ T Cell Enrichment Kit (StemCell Technologies, Vancouver, Canada) and were cultured in R10-50 (R10 supplemented with 50 U/ml IL-2, NIH AIDS Reagent Repository).
T-cell receptor sequences
The native TCR 1.9 sequence (GenBank accession# GU122926-GU122927) was obtained from the CTL clone S00036-SL9-1.9 [5] . Total RNA was isolated from the clone using Trizol reagent, followed by realtime-PCR (RT-PCR) amplification using 5' RACE Kit (as per manufacturer's protocol; Clontech, Mountain View, California, USA) and sequencing. The sequence of TCR 1803, a TCR derived from another HIV-1infected person, has been previously described [22] .
T-cell receptor constructs
Codon-optimized versions of the TCR 1.9 a-chain and b-chain genes, including cysteine modifications that were previously reported to increase pairing [23, 24] , were commercially synthesized (GENEART, Regensburg, Germany) for maximal expression in human cells [25] in a single construct separated by sequences for the 2A 'self cleaving' peptide sequence [22, 26] to allow a ribosomal skip and equimolar expression of both chains. TCR mutants were created using the Quikchange II sitedirected mutagenesis kit (Stratagene, La Jolla, California, USA). The paired TCR genes were combined with a downstream internal ribosomal entry sequence (IRES) followed by the murine CD24 (Heat Stable Antigen, HSA) reporter gene and inserted into the pCCL lentiviral transfer vector under control of the spleen focus-forming virus (SFFV) promoter [27] , similar to the construct previously described for TCR 1803 with green fluorescent protein reporter instead of HSA [22] .
Generation of T-cell receptor lentivirus stocks
Lentivirus was produced by transfection of 293T cells with the above lentiviral vector constructs in conjunction with the lentiviral packaging vector pCMVDR8. 2DVPR [28] and the vesicular stomatitis virus envelope protein G expression vector pHCMVG [29] using Fugene HD transfection reagent (Roche, Nutley, New Jersey, USA). Supernatants from 2 and 3 days after transfection were combined, passed through a 0.22 micron filter, and concentrated by centrifugation at 28 000g for 90 min at 48C. Virus concentration was assessed by quantitative p24 ELISA (Perkin Elmer, Covina, California, USA).
Lentiviral T-cell receptor transduction of primary CD8 R T cells and Jurkat cells
Primary CD8 þ T cells were stimulated with the 12F6 anti-CD3 antibody (gift of Dr Johnson Wong) at 0.4 mg/ml in 5 ml R10 in the presence of 2 Â 10 7 irradiated feeder PBMCs. The next day, an additional 5 ml R10-50 was added. After 6 days, 8 Â 10 5 cells were transduced with 8 Â 10 5 pg p24 of lentivirus stock overnight in 0.5 ml R10-50, and 1.5 ml R10-50 was added the next day. TCR-transduced CTLs were used in assays approximately 10 days after initial stimulation. Jurkat cells were directly transduced without stimulation, otherwise in the same manner. Transduction efficiency was monitored using a phycoerythrin-labeled HSAspecific antibody (#553262; Becton Dickinson, Franklin Lakes, New Jersey, USA) and flow cytometry (FacScan and CellQuest software; Becton Dickinson).
ELISpot assays
Interferon-g ELISpot assays were performed as previously described [30, 31] . The A Ã 02-expressing T1 cell line was added at 5 Â 10 4 cells/well as antigen-presenting cells, with synthetic peptides (Sigma-Aldrich, St Louis, Missouri, USA) added at a final concentration of 1 mg/ml. Readout was performed with an automated ELISPOT reader (Autoimmun Diagnostika GmbH, Strasberg, Germany).
Functional avidity measurements and chromium release assays CTL functional avidity was measured via standard chromium release assays [5, 20] with five-fold peptide dilutions ranging from 1.0 mg/ml to 0.1 pg/ml using 10 4 target cells (Cr 51 -labeled T1 cells) in 96-well U-bottom plates with 10 5 effector cells (TCR-transduced bulk CD8 þ T cells). Chromium release in the supernatant was assessed after 4 h using a microscintillation counter (MicroBeta 1450; Wallac-Perkin Elmer, Waltham, Massachusetts, USA), and specific lysis was calculated as follows: (observed chromium release -spontaneous chromium release) Ä (maximal chromium releasespontaneous chromium release). SD 50 values (the concentrations of peptide needed to achieve half maximal specific lysis) were calculated via nonlinear regression using Graphpad Prism 5 (Graphpad Software, La Jolla, California, USA).
Structural avidity measurements TCR structural avidity was measured using TCRtransduced Jurkat cells. SL9 iTag tetramer (Beckman Coulter, Danvers, Massachusetts, USA) was added to 5 Â 10 5 cells at serial two-fold dilutions ranging from 40 to 0.3125 nmol/l, and cells were stained in the dark for 1 h at room temperature in R10 media with 0.1% sodium azide and 100 mmol/l cytochalasin D, to inhibit endocytosis of tetramer during staining. Following incubation, cells were washed and resuspended in phosphate-buffered saline (PBS) with 1% paraformalde-hyde, and tetramer binding was assessed by flow cytometry on a FACScan cytometer using CellQuest software (Becton Dickinson). K d values were determined by comparing median fluorescence intensity versus tetramer concentration via nonlinear regression using Graphpad Prism 5 software.
Generation of HIV-1 stocks
HIV-1 stocks were generated from plasmid DNA as described previously [32, 33] . Briefly, derivatives of the p83-2 plasmid (containing the gag-pol portion of the HIV-1 NL4-3 genome, with the indicated mutations in the SL9 epitope) were coelectroporated with a derivative of the p83-10 plasmid (containing the remainder of the NL4-3 genome, with a hemagglutinin epitope-bearing reporter gene substituted into the nef reading frame) into T1 cells. Following electroporation, supernatant viral stocks were harvested, quantified using p24 ELISA (Perkin Elmer), and cryopreserved. Both TCR lentiviral stocks and HIV-1 stocks were quantitated by p24 ELISA (Perkin Elmer). The variants of p83-2 containing mutations of the SL9 epitope were described previously [4, 5] , including SLYNTVATL (Consensus B), SLYN-TIAVL (original NL4-3 sequence, V82I/T84 V), and SLFNTVATL (Y79F).
HIV-1 inhibition assays
Viral inhibition assays were performed as previously described [5, 21, 34] with modifications. T1 cells (4 Â 10 6 ) were infected for 4 h with 128 000 pg of the above HIV-1 containing SL9 epitope versions as either Consensus B, V82I/T84V, or Y79F. Following infection, cells were washed twice in R10. In a 96-well flat-bottom plate, 5 Â 10 4 infected T1 cells were seeded per well, and for each TCR-transduced CD8 þ T-cell line tested, 5 Â 10 4 HSA-expressing cells (approximately 1 Â 10 5 total, as cells averaged 50% positive) were added per well, or 1 Â 10 5 mock-transduced CD8 T cells. Each condition was performed in triplicate in 200 ml R10-50. On days 5 and 7 postinfection, 100 ml supernatant was removed for testing via p24 ELISA (Perkin Elmer) and replaced with 100 ml fresh R10-50. The 'log efficiency' of virus suppression was calculated using day 7 viral inhibition data as follows: (log 10 p24 without CTL -log 10 p24 with CTL) Ä log p24 10 without CTL.
Results
Construction of T-cell receptor 1.9 recognizing the AM02-restricted epitope SLYNTVATL (SL9) The sequences of the TCR-a and TCR-b chains from an HIV-1-specific primary CTL clone recognizing the A Ã 02-restricted epitope SLYNTVATL (Gag 77-85, SL9) were utilized to synthesize a recombinant TCR gene. Synthetically produced codon-optimized sequences of these chains were linked by the sequence for a picornavirus-derived 2A peptide, which results in a 'ribosomal skip' and coexpression of both TCR chains [22, 26] , followed by an IRES controlling expression of a murine CD24 (HSA) reporter gene. These TCR chains were also modified to have additional cysteines in their cytoplasmic tails to allow an additional disulfide crosslink that was previously reported to improve pairing [23, 24] . This final TCR/reporter construct was inserted into a lentiviral transduction vector ( Supplementary Figure 1 , http://links.lww.com/QAD/A89). Primary CD8 þ T cells isolated from healthy donor PBMCs were transduced, and flow cytometric staining for the HSA reporter revealed efficient transduction, although only about 10-15% of the transduced cells bound an SL9/A Ã 02 tetramer (Fig. 1a ), a level that is similar to that observed in prior studies of TCR transduction into primary CD8 þ T cells [25] . A non-codon-optimized version showed lower tetramer binding, and the cysteine modification in the codon-optimized version had no appreciable increase of tetramer binding (data not shown). Overall, these data showed that TCR 1.9 encoded a TCR complex that binds to SL9/A Ã 02.
T-cell receptor 1.9 encodes a functional transgene that directs CD8 R T cells to be SL9-specific cytotoxic T lymphocytes The TCR 1.9-transduced cells were tested for functionality in assays of CTLs. ELISpot assays showed SL9-specific release of interferon-g (IFN-g) in direct proportion to the number of tetramer-staining cells added (Fig. 1b) , and the cells demonstrated SL9-specific killing of chromiumlabeled target cells in chromium release assays (Fig. 1c ). When the bulk transduced cells were cultured with SL9labeled A Ã 02-expressing irradiated target cells, there was specific enrichment of the tetramer-staining subset of transduced cells (Fig. 1d) , indicating antigen-specific proliferation. These findings indicated that transduction of CD8 þ T cells with TCR 1.9 renders CTL to be 2622 AIDS 2010, Vol 24 No 17 functionally SL9-specific, as demonstrated by cytokine release, cytolytic activity, and proliferation.
Generation of chimeric mutants of T-cell receptor 1.9 based on differences from T-cell receptor 1803 Although derived from a different person, TCR 1.9 closely resembled TCR 1803, another SL9-specific TCR that was previously characterized [22] . Both 1.9 and 1803 TCR-a chains consisted of the TRAV12-2 Ã 01 variable region with the TRAJ29 Ã 01 joining region, and both TCR-b chains consisted of the TRBV5-1 Ã 01 variable region with the TRBJ2-7 Ã 01 joining region (International ImMunoGeneTics Information System, IMGT, nomenclature). However, the two TCRs differed by three amino acids in the CDR3 region of the TCR-a chain, and one amino acid in the CDR3 region of TCR-b chain. To assess the impacts of these polymorphisms, a panel of TCR 1.9 derivatives based on all combinations of the CDR3 sequence differences between TCR 1.9 and TCR 1803 was created in order to observe the functional impacts of these differences alone or in combinations ( Table 1) .
The T-cell receptor 1.9 mutants vary in their functional avidity for the index SL9 epitope and variants To assess whether the TCR 1.9 mutants varied in their sensitivity to the SL9 epitope, CD8 þ T cells from an HIV-1-uninfected donor were transduced with each TCR and tested in chromium release assays against A Ã 02-expressing target cells that were loaded with varying concentrations of SL9 peptide ( Fig. 2a ) and SL9 variant peptides (Consensus B, V82I/T84V, Y79F, and V82I versions). The functional avidities, defined as the sensitizing dose of peptide for 50% maximal activity (SD 50 ), were calculated for each TCR 1.9 mutant versus each SL9 variant (Fig. 2b) . The SD 50 values varied over a range of about 1000-fold across the different combinations of TCR mutants and SL9 epitope variants. Interestingly, the parental TCR 1.9 and the parental TCR 1803 (i.e., TCR 1.9 mutant A1A2A3B) had similar functional avidities, as did the original CTL clones from which they were derived [5, 35] , but intermediate chimeras had higher or lower functional avidities. Comparing the changes in functional avidities caused by individual TCR mutations across different epitope variants, it was apparent that some mutations consistently increased or decreased the SD 50 values. Specifically, mutation A1 generally reduced avidity, whereas mutation B increased avidity (increased and reduced SD 50 , respectively) for most epitope variants ( Fig. 2c-f ). These effects of individual TCR mutations appeared to be additive, resulting in the net similarity of parental TCR 1.9 and TCR 1803.
The variation in T-cell receptor 1.9 mutant functional avidities is correlated to differing structural avidities Functional avidity is the net responsiveness of CTLs and can be affected by factors such as the ratio of CD8aa homodimers to CD8ab heterodimers on the CTLs [36] [37] [38] due to major histocompatibility complex (MHC) binding of the CD8 molecule [39, 40] . Binding affinity of the TCR to the epitope/MHC complex, or structural avidity, can be expressed as the K d of peptide/MHC tetramer binding [41] [42] [43] and is a key determinant of functional avidity. To confirm that the observed differences in functional avidity between TCR 1.9 mutants were due to alterations in TCR binding affinity, we assessed the structural avidity of the TCRs on transduced non-CD8-expressing Jurkat cells (which could be transduced for over 70% SL9/A Ã 02 tetramer staining, data not shown) using SL9/A Ã 02 tetramer binding (Fig. 3a ). Structural avidity varied between different TCR mutants, with K d values ranging from 9.1 to 15.1 nmol/l (Fig. 3b ). Similar to the parallel analysis for functional avidity, individual mutations were associated with consistent changes (Fig. 3c) , with the A1 mutation Fine-tuning of T-cell receptor avidity Bennett et al. 2623 Table 1 . T-cell receptor 1.9 and mutants consisting of combinations of polymorphisms compared to T-cell receptor 1803.
TCR Designation
TCR-α CDR3 TCR-β CDR3
reducing avidity and the B mutation increasing avidity.
Comparing structural avidity to functional avidity across mutants, there was a positive correlation ( Fig. 3d ), suggesting that the variability in functional avidity is due to differences in TCR-binding affinity to the A Ã 02/ SL9 complex.
Higher avidity T-cell receptor 1.9 mutants have broader antiviral activity against HIV-1 with SL9 sequence variation Our previous work revealed a critical threshold of functional avidity of about 2000 pg/ml required for SL9-specific CTL recognition of HIV-1-infected cells and efficient antiviral activity [5] . The varying functional avidities of the chimeric TCR mutants for the SL9 variants spanned this threshold (Fig. 2b) . TCR-transduced CD8 þ T cells were tested for their ability to suppress the replication of whole HIV-1 containing the SL9 epitope variants Consensus B, V82I/L84V, and Y79F. TCR with higher avidity generally had more suppressive activity against HIV-1 with SL9 variants (Fig. 4a ). Comparing the efficiency of viral inhibition versus functional avidity across all TCR mutants and the three SL9 variants, a sigmoidal relationship was observed (Fig. 4b) . This curve reflected a threshold functional avidity of about 2.5 log pg/ml required for half maximal inhibition efficiency, with a plateau above which additional avidity did not yield additional suppressive activity. These results confirmed that the increased functional avidity of some TCR 1.9 mutants for SL9 variants broadened the antiviral recognition of those TCRs, as predicted by our prior work [5] demonstrating a critical avidity threshold for CTL recognition of HIV-1-infected cells.
Discussion
Manipulation of TCR sequences is an opportunity to modify and select desirable properties for therapeutic 2624 AIDS 2010, Vol 24 No 17 Fig. 2 . Functional avidities of CD8 R T cells transduced with T-cell receptor 1.9 or T-cell receptor 1.9 mutants. CD8 þ T cells from an HIV-1-uninfected control donor were transduced with T-cell receptor (TCR) 1.9 or mutants of TCR 1.9 (listed in Table 1 ). (a) The transduced cells were tested for cytotoxicity against A Ã 02 þ T1 target cells with varying concentrations of SL9 peptide or SL9 peptide variants. Three representative curves for different TCRs against the Consensus B SL9 peptide are shown. (b) The SD 50 values for each TCR against each peptide are shown. (c-f) From the data in (b), the mean differences and standard deviations for the change in SD 50 (log 10 pg/ml) for all comparisons of TCRs differing by only the indicated mutation of interest are plotted. For example, the value plotted for 'A1' is the mean for all comparisons of TCR that differ only by the absence/presence of A1 (i.e., A1 versus wild-type TCR 1.9, A1A2 versus A2, A1A3 versus A3, A1A2A3 versus A2A3, A1B versus B, A1A2B versus A2B, A1A3B versus A3B, and A1A2A3B versus A2A3B). benefit in TCR gene therapy. One property that has been considered for this approach is avidity, given its key importance for CTL recognition of virus-infected cells [44, 45] . Several studies have explored the possibility of increasing avidity of native TCRs for enhanced function, through mutagenesis and phage display [16, 17, 19] or yeast hybrid selection [15, 18] . Varela-Rohena et al. [17] also demonstrated that markedly increased avidity also increases the breadth of epitope variants that can be recognized by a modified HIV-1-specific TCR. A concern that has been raised about such modifications, however, is the possibility that increased affinity for cognate epitope could have deleterious effects. It has been suggested that TCR affinity is attuned to avoid inappropriately avid binding and allow optimal on/off binding for proper agonist signaling [46, 47] , in view of the fact that TCR affinity is so readily increased experimentally [15] [16] [17] [18] [19] . Moreover, Holler et al. [48] have shown that TCR modification to increase avidity also can be accompanied by self-reactivity.
Our data illustrate a novel approach to fine-tune affinity/ avidity of TCRs. Two naturally derived TCR sequences recognizing the same epitope/HLA complex share similar sequences, with only four amino acid differences in the alpha and beta CDR3 regions. These TCRs have similar avidities, but combinations of the polymorphisms yield chimeric TCRs with both higher and lower affinities than the parental TCRs. The net similarity in avidities of the parental TCRs to each other despite these sequence differences is consistent with selection for an optimal level of avidity in vivo. However, using combinations of the sequence differences between parental TCRs allows manipulation of TCR avidity for the index epitope and epitope variants.
This approach requires identification of TCRs with shared (public) TCR clonotypes. For many epitopes, there is clear TCR bias and frequent usage of public clonotypes [49] , which affords comparison of CDR3 sequences to identify polymorphisms that can be recombined. Although TCR usage tends to be more variable for HIV-1-specific TCR, public clonotypes are frequently observed for some epitopes [50] [51] [52] .
Work with HIV-1-specific CTLs has demonstrated a narrow threshold between maximal antiviral activity and nonrecognition of virus-infected cells [5, 53] , and small changes within this threshold translate to sharp changes in the antiviral potential of CTLs. For HIV-1-specific CTLs, escape is mediated frequently by epitope variants for which CTL avidity falls just below this threshold [5] . Our data with TCR 1.9 mutants indicate that relatively modest increases in net TCR avidity can allow an increased breadth of CTL antiviral activity against HIV-1 with epitope variation. The increased avidity allows CTL to recognize HIV-1-infected cells containing epitope variants that are not otherwise recognized by either parental TCR.
TCR expression level in gene therapy has been a key concern [23- 25, 54] ; our data also confirm the importance of controlled expression levels for TCR transduction. In our system, codon optimization is required for adequate expression of the desired TCR; the functional avidity of the parental TCR 1.9 construct is similar to the original CTL clone from which its sequence was derived [5] , and transduction with native (not codon-optimized) TCR sequences in the same construct had lower avidity and function (not shown). This indicates that the expression system is suboptimal compared to TCR expression in the native CTLs, and that codon optimization compensates for this inefficiency. Potential issues include reduced transcription and/or translation of the single gene construct versus the native TCR genes, inefficient function of the 2A ribosomal skip sequence separating the TCR-a and TCR-b chains, and mispairing of the chains with native TCR-a and TCR-b chains in the transduced CTL. The efficient expression of the IRES-driven reporter gene suggested that transcription was adequate, implying inefficient translation or TCR mispairing. Transduced Jurkat cells (which have a defective endogenous TCR) gave higher efficiency of desired TCR expression, with over 70% reporterexpressing cells also binding tetramer, suggesting a key role of mispairing with endogenous TCR. Some transduced primary CD8 þ T-cell clones had no tetramer binding despite high efficiency of reporter expression (not shown), and it was unclear whether this was due to celldependent inefficiency of 2A or TCR mispairing. Finally, the cysteine modifications of the TCR tail sequences designed to improve pairing [23, 24] appeared to have no benefit in expression of the correctly paired TCR (not shown), indicating that this strategy is not reliably helpful.
In conclusion, TCRs designed to have moderately increased affinities could be a potentially useful tool in TCR gene therapy for viruses wherein epitope variation is a problem, by enhancing affinity against epitope variants near the threshold for efficient antiviral activity. Avidity of transduced TCR depends on the TCR genetic construct and can be altered by sequence modification. Although our approach may not be universally applicable, it demonstrates that studying the variation of sequences in naturally occurring TCRs may be instructive in the rational modification of TCR sequences, particularly when there is frequent 'public' TCR clonotype usage against particular epitopes. Another caveat is that increasing avidity would not be useful to recognize epitope variants that escape via loss of epitope processing/ transport or HLA nonbinding. However, our data demonstrate that understanding the required avidity thresholds for recognition of virus-infected cells may allow fine-tuning of avidity enhancement to minimize the risk of self-reactivity associated with dramatic 2626 AIDS 2010, Vol 24 No 17 increases in avidity, while allowing increased breadth of TCR activity against epitope variants.
